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Abstract

:

Quasi-ordered hexagonal close-packed Al nanodents, with depths of 30 nm and top-diameters of 300 nm prepared by electrochemical anodizing, are used to manage the output spectrum of white Light Emitting Diodes (LEDs). Significant short wavelength light, with a peak of 450 nm, displays significant scattering enhancements on these Al nanodents with the increment of the angle of the incidence, while long wavelength light, with a peak of 550 nm, shows weaker scattering on Al nanodents with the increment of theincidence angle. Near-field and far-field simulations reveal the effect of light coupling in the holes of Al nanodents on the selected scattering. This work could provide a striking new way to make use of cheap white LEDs.
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1. Introduction


The invention of high efficiency white Light Emitting Diodes (LEDs) has created a new chapter for the use of energy and lighting [1,2,3]. As the white LEDs have been widely used in interior lighting, the fact that short wavelength light causes damage to eyes due to the wave crest in the blue band of the LED spectrum, especially the cheap ones, has drawn great attention [4,5,6,7]. The common resolution of the wave crest in the blue band of the LED spectrum is through the control of the red, green and blue (RGB) or the use of fluorescent substances to absorb the excessive blue light [8,9,10,11]. However, the former way needs expensive electronic devices to achieve the matching of each component of the RGB; the latter method has the output of the white LED fixed, which limits their application ranges.



Recently, the enhanced selected light transmission in the visible spectrum of metal nanostructures such as Ag, Au, Al, and Cu has been designed and widely used in the antireflection layer of solar cells, the transmission-increasing layer in LEDs, and even in the highest possible resolution color filters [12,13,14,15]. Furthermore, a cheap way of fabricating large-scale quasi-ordered hexagonal close-packed Al nanodents on Al foil using electrochemical etching has been reported [16,17]. These Al nanodents show optical characteristics similar to those of sub-wavelength grating [18], exhibiting strong near-field enhancement and selected light scattering properties. As a result, the application of Al nanodents has become a new choice for light filters in LED sources.



Herein, quasi-ordered hexagonal close-packed Al nanodents were prepared and used to manage the output spectrum of white LEDs. The selected scattering enhancement of short wavelength light with a peak of 450 nm was found on Al nanodents, with the increment of the incidence angle ranging from 30° to 70°. However, long wavelength light with a peak of 550 nm was found to show weaker scattering under the same conditions. Meanwhile, slight peak shifts in the output of long wavelength light were observed. The reason why Al nanodents exhibit selected scattering characteristics was clarified by finite difference time domain (FDTD) simulations.




2. Materials and Methods


Following the anodic oxidation process reported [19,20], Al nanodents were prepared by electrochemically anodizing Al foil in a mixture of 0.3 M aqueous solution of oxalic acid and ethanol with a ratio of 1:3 for 3 h at 0 °C. Anodic aluminum oxides were etched out in a mixture of phosphoric acid (6 wt%) and chromic acid (1.8 wt%) at 60 °C for 12 h. Quasi-ordered hexagonal close-packed nanodents were obtained on the Al foils. The thickness of the Al foil was about 0.5 mm, making it completely optically opaque. To show the universality of the selected scattering of Al nanodents, a cheap white LED composed of a blue LED @ with yellow phosphor was used as the lighting source.



Simulations based on FDTD of the near-field light enhancement and the far-field scattering on Al nanodents were performed [21]. In our model, the electromagnetic pulse fixed at 450 and 550 nm for the incidence light (from 0° to 60°) was launched into a box containing the target Al nanodents to simulate a propagating plane wave interacting with the nanostructure. The overlap region of the gold tip was divided into 5 nm meshes. The refractive index of the surrounding medium was taken to be 1.0. The Al nanodents were modeled at 30 nm depth with 300 nm top diameters according to the atomic force microscope (AFM) measurements, the far-field scattering of Al nanodents was prepared, and the scattering light was collected on a hemispherical surface with a diameter of 1 m.



The morphology of Al nanodents was characterized with a field emission scanning electron microscope (SEM, Hitachi UHR FE-SEM SU8010). The depth of the Al nanodents were characterized with an AFM (Agilent 5500) and the far-field scattering light was characterized with an optical fiber spectrometer (Ocean USB 4000).




3. Results and Discussion


As shown in Figure 1a, a white LED source was used to illuminate Al nanodents from different angles in the range of 0° to 70°. The divergence angles of LED sources ranged from 13° to 15°. Through the lens collimation, the divergence angle was reduced to less than 5° in our case. The far-field light output of the LED was collected and characterized by an optical fiber spectrometer, keeping a distance of 2 cm from the sample, as shown in Figure 1a. Similar operations were used to measure the scattering spectra in the opposite direction. The source spectrum is presented in the inset in Figure 1a and shows two typical peaks around 450 and 550 nm. As shown in Figure 1b, Al nanodents exhibit blue scattering across the whole foil under vertical illumination of the white LED source. The morphology of Al nanodents was obtained with SEM and AFM, as shown in Figure 1c,d. The average size of these ordered hexagonal close-packed nanodents was about 300 nm, whereas the depth of the nanodents was relatively shallow, only about 30 nm.



As shown in Figure 2b, strong blue light scattering was found on the surface of the Al nanodents illuminated with white LED. The blue light scattering became stronger with the increment of the incidence angle from 0° to 60°. A simple schematic diagram was used to illustrate the position of the photos taken, as shown in Figure 2a. Obviously, light within the short wavelength range (blue) was first separated when the viewpoint ranged from 0° to 60°. At large angles (>70°), weak light with longer wavelengths (green and yellow) were separated. However, the scattering intensity of light with longer wavelengths was very weak, therefore the scattering of Al nanodents was mainly localized in the short wavelength range.



To further understand the selected scattering of Al nanodents, the light scattering spectra and the output spectrum of white LED were characterized simultaneously. The light peak around 450 nm in Figure 3a was found to grow higher as the incidence angle increased from 30° to 70°. In contrast to the light peak around 450 nm, the light peak around 550 nm decreased with the increment of the incidence angle, which confirms the selected scattering in short wavelength ranges on Al nanodents. The spectrum of outputs also proves such selected scattering, as shown in Figure 3b. Significant reduction of the light intensity in the short wavelength range was clearly observed as the incidence angle increased from 30° to 70°. In order to distinguish the peak in 550 nm, we added 0% to 20% (interval 5%) to the value of the intensity of light, with the incidence angle ranging from 30° to 70° in Figure 3b. With the increment of the incidence angle, a few intensity changes were observed at 550 nm and a slight red shifts was observed to occur at the peak of 550 nm. The reason for the red shifts was that at very large incidence angles, the scattering of light with longer wavelengths is enhanced, as shown in Figure 2b. Meanwhile, selective light scattering did result in a reduction of light intensity by about 5–10% in the whole spectrum, which was mainly caused by the back scattering of light within short wavelengths. Through further optical design, combined with the selective coating of specific areas of down-conversion dyes, it is believed that the scattered light with short wavelengths will also be fully utilized. As a result, the ratio of the light component can be simply controlled by changing the angle of incidence. Considering their selected light scattering properties, Al nanodents can be used as simple light filters for cheap white LEDs to reduce the damage caused by blue light.



A far-field model based on FDTD simulation was used on quasi-ordered hexagonal close-packed Al nanodents to prove such angle-dependent selected light scattering, as shown in Figure 4. In this model, the scattering light was collected on a hemispherical surface (diameter of 1 m) with periodic boundary conditions. To better understand the light scattering direction, the direction of the incidence was defined along the Y axis, as shown in Figure 4. The scattered light distribution of the incidence was near the center of the hemispherical surface, presented by polar coordinates. As shown in Figure 4a–c, the scattering of light at a 450 nm wavelength greatly increased with the increment of the incidence angle. The scattering of light was mainly localized along the incident direction, which was along the Y axis. In contrast to light at a 450 nm wavelength, the scattering of light at 550 nm was relatively low, although it grew slightly with the increment of the incidence angle, as shown in Figure 4d–f. Obviously, the far-field simulations coincide well with our experiment observations.



Near-field simulation was also carried out to better understand the selected scattering on Al nanodents. As shown in Figure 5, two light sources were chosen according to the two peaks of the white LED with 450 and 550 nm wavelengths. As shown in Figure 5a–c, no obvious near-field enhancement was found in Al nanodents under vertical incidence (angle of 0°) at both wavelengths of 450 and 550 nm and light was mainly localized in the holes of Al nanodents. Overall, the main difference of the two kinds of light lies in their penetration depth. As shown in Figure 5a–f, the penetration depth of light at the same wavelength increased with the increment of its incidence angle, and the penetration depth of light at a 450 nm wavelength was greater than that at a 550 nm wavelength with the same incidence angle. The selected light scattering of light can be attributed to the interaction between light and holes on the Al nanodents, and only provides efficient light coupling for lights with short wavelengths.




4. Conclusions


In summary, quasi-ordered hexagonal close-packed Al nanodents have been used to manage the output spectrum of white LEDs. The light scattering on Al nanodents showed high angle- and wavelength-dependence. Through the control of the incidence angle, the intensity of light in white LEDs can be easily tuned. Far-field simulations confirmed the experimental observations. The near-field simulation revealed the relationship between the scattering and the penetration depths of light at different wavelengths on Al nanodents. This work could benefit the application of cheap white LEDs in indoor lighting in less-developed regions.
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Figure 1. White Light Emitting Diodes (LED) scattering on Al nanodents. (a) A schematic diagram of optical measuring devices including the LED source, collimating lens group, optical fiber spectrometer, and Al nanodents; inset is the spectrum of the light source. (b) Optical image of the Al nanodents lighted by the LED source. (c) SEM image of the quasi-ordered hexagonal close-packed Al nanodents. (d) Depth of the Al nanodents obtained by atomic force microscope (AFM). 
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Figure 2. Schematic diagram of the white LED light scattering on Al nanodents. (a) Schematic diagram of the scattering. (b) Image of the Al nanodents with normal illumination and white LED illumination with a 50° incidence angle from 30°, 60°, and 70° viewpoint angles (I, II, and III). 
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Figure 3. Scattering (incident direction) and output spectrum of the white LED on Al nanodents. (a) Scattering spectrum (incident direction) of the white LED light scattering on Al nanodents. (b) Output spectrum of the white LED light with incidence angles from 30° to 70°. 
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Figure 4. (a–c) Far-field simulations on Al nanodents with 0°, 15°, and 30° incidence angles at a 450 nm wavelength. (d–f) Far-field simulations on Al nanodents with 0°, 15°, and 30° incidence angles at a 550 nm wavelength. 
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Figure 5. (a–c) Near-field light distribution in Al nanodents with 0°, 15°, and 30° angles of incidence (top to bottom) at a 450 nm wavelength. (d–f) Near-field light distribution with 0°, 15°, and 30° angles of incidence at a 550 nm wavelength. 
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